The amygdala in the brain plays a critical role in learning emotional components of experience, such as conditioned fear; these processes in turn affect many other aspects of memory and cognition.
negative emotions may be processed in this way, the data are especially compelling in the case of conditioned fear.
Fear, like all emotions, is a somewhat hypothetical construct, referring to a constellation of physiological, behavioral and presumed subjective events, including changes in heart rate, respiration, perspiration, cortical arousal, and muscle tension ( Fig. 1 ) [1, 2] . The notion that these responses define a central emotional state is supported by the fact that they consistently occur together and are elicited by a wide variety of different aversive stimuli. Moreover, the consequences of this state are often best revealed by their interactions with other, more specific behaviors. Consider, for example, a rat trained in a conditioned fear paradigm in which a tone -the conditioned stimulus -was repeatedly paired in a predictive fashion with an aversive shock -the unconditioned stimulus. Following training, if the tone is presented Fig. 1 . Outline of the neural circuitry that may mediate fear conditioning. During learning, increases in synaptic efficacy -long-term potentiation, for example -in conditioned stimulus pathways have been suggested to result from the convergence of conditioned and unconditioned stimulus inputs to the amygdala. This could allow an initially neutral conditioned stimulus to activate a constellation of physiological and behavioral responses representing a state of fear. (Adapted from [1] .) DISPATCH 247 again while the rat is pressing a bar to obtain food, the rat will freeze and stop bar-pressing for food, as if the tone itself now reminded the rat of-the shock and so made the rat afraid [3, 4] . Fear, after all, does little to whet one's appetite. It is straightforward to show that the rat has not simply learned to freeze when it hears the tone -if the tone is instead presented before delivering a loud noise that startles the rat, the tone will now increase, not decrease, the startle response [1, 2] . Thus, conditioned fear is a general state which enhances defensive responses while suppressing appetitive ones.
Lesion experiments using a variety of different physiological and behavioral measures have indicated that the amygdala is an essential component of the conditioned fear pathway [1] [2] [3] [4] [5] [6] . Amygdala lesions blunt emotional reactions to normally arousing stimuli, implicating the amygdala in emotional processing per se. Moreover, amygdala lesions made before training prevent the acquisition of conditioned fear, whereas lesions made after training abolish its expression. Thus, for example, if amygdala lesions are made prior to training, the animal will fail to develop a conditioned fear response to the conditioned stimulus. In some cases, amygdala lesions abolish simple measures of conditioned fear even when made several weeks after training [6] . This suggests that the amygdala may sometimes participate in the relatively permanent storage of emotional memory, though some aspects of emotional experience may ultimately be stored in other (presumably cortical) brain areas as well [7] .
Stimulation of the amygdala in untrained animals elicits many of the physiological and behavioral symptoms of conditioned fear [1, 2, 5] , implying that the circuitry from the amygdala to the effector organs is relatively hard-wired, and that the critical neurobiological changes mediating emotional learning and memory occur in or before the amygdala itself. If neural plasticity within the amygdala indeed encodes the learning of negative emotional significance, then amygdala neurons should change their responses to the conditioned stimulus during emotional learning. There are some electrophysiological data to support this possibility [3] [4] [5] , although more work is needed in this area. Fear conditioning also elevates mRNA levels of the c-fos gene -known as an 'immediate-early' gene for its rapid transcriptional activation in mitogen-stimulated cells -indicating an increase in amygdala activation by the conditioned stimulus, and further suggesting that the induction of immediate early genes may play a role in the formation of conditioned fear [2] .
How then might learning-dependent changes in the amygdala occur? Two lines of evidence suggest the appealing possibility that emotional learning involves the long-term potentiation (LTP) of synaptic transmission in conditioned stimulus pathways to the amygdala, thereby enabling previously ineffective conditioned stimuli to activate emotional circuitry. First, high-frequency electrical stimulation of afferent connections to the lateral amygdala, a site where sensory inputs representing the conditioned and unconditioned stimuli converge, induces LTP [3, 4, 8] . High-frequency afferent stimulation, and possibly training to induce conditioned fear using an auditory conditioned stimulus, can also enhance the field potential evoked in the amygdala by an auditory stimulus [3, 4] , consistent with an increase in synaptic efficacy in the amygdala or before. However, it has not yet been shown that fear conditioning increases the response evoked by electrical stimulation of amygdala afferents, which would provide more direct evidence for learninginduced changes within the amygdala per se.
A second line of evidence in support of the view that LTP in the amygdala is a neural mechanism for emotional learning comes from the effects of injecting into the amygdala pharmacological agents, such as N-methyl-D-aspartate (NMDA) receptor antagonists. In the hippocampus, where LTP has been studied most thoroughly, NMDA-sensitive glutamate receptors are critical for the induction, but not the expression, of LTP. These receptors have the interesting property that they are activated only when dually stimulated by neurotransmitter -glutamate -and strong postsynaptic depolarization. Thus, they may provide an attractive associative mechanism whereby a weak conditioned stimulus input could become potentiated if it occurred consistently in conjunction with a strong unconditioned stimulus input that depolarized the postsynaptic cell.
In support of this idea, NMDA receptor antagonists block the induction of behavioral fear conditioning when injected into amygdala before training, but do not interfere with its expression when given after training [2, 7, 9] . Moreover, ampakines -agonists of the D,L-ot-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) class of glutamate receptor, which indirectly increase NMDA receptor activation -enhance the acquisition of fear conditioned responses [10] . Interestingly, the infusion of NMDA antagonists into the amygdala also blocks the extinction of conditioned fear [2] , which normally occurs when the conditioned stimulus is presented without being followed by the unconditioned stimulus; this suggests that emotional memories are suppressed but not forgotten, and that this suppression may also involve neural changes in the amygdala.
Learning the fundamental emotional significance of a stimulus is, in and of itself, an essential capability for survival. But emotional reactions also serve to modulate other aspects of memory and cognition; within limits, emotionally arousing events are better retained than neutral ones. Here, too, the amygdala appears to play a critical role [7] . For example, rats will normally hesitate to re-enter a compartment where they have previously received a weak electric shock. Their subsequent memory of this shock (as measured by increased avoidance) can be enhanced by a variety of pharmacological or behavioral manipulations that increase arousal, such as the peripheral administration of epinephrine (adrenaline) to mimic the effects of activating the adrenal glands. In the vast majority of cases, the memory-enhancing effects of these manipulations are blocked or attenuated by lesions or other disruptions of amygdala circuitry, even though animals can still learn or remember the avoidance response. These results suggest that the activation of emotional circuitry in the amygdala can enhance the formation of memories in other brain regions.
A recent experiment suggests similar processes occur in humans [11] . Two groups of subjects viewed a common series of slides accompanied by different narratives. One group of subjects heard an emotionally neutral narrative describing a boy's trip to a hospital to view a practice surgery; the other group heard an emotionally arousing narrative, which indicated that the surgery was instead a desperate attempt to save the boy's life after he was struck by an automobile. When tested later, subjects who had heard the emotionally charged narrative exhibited greater recognition memory than did subjects in the emotionally neutral condition. Moreover, these memory-enhancing effects were largely blocked by the peripheral administration of propranolol, a 13-adrenergic receptor blocker, suggesting that the enhancement of memory by emotion involves activation of a 13-adrenergic system. Because comparable memory-enhancing effects in animals are mediated via actions on the amygdala [7] , it seems plausible that such effects may involve the amygdala in humans as well.
The effects of amygdala damage in humans also support a role for the amygdala in emotional memory. Many earlier studies failing to show memory deficits used nonemotional tasks [12] , suggesting that in humans, as in animals [13] , the amygdala does not directly mediate non-emotional memory. Recently, however, patients who underwent transection of the medial temporal lobe, which includes the amygdala, in order to control epilepsy were found to be deficient in discriminative fear conditioning, as measured by a decreased change in skin conductance evoked by the conditioned stimulus, relative to control subjects [14] . Similarly, patient SM, whose amygdala has been nearly completely destroyed by a bilateral lesion that spares her hippocampus and neocortex, also exhibits a deficit in conditioned galvanic skin responses, despite displaying verbal recall of the training experience itself (reported by A.R. Damasio at the 24th Annual Meeting of the Society for Neuroscience, Florida, 1994); SM is also severely impaired in her ability to recognize fear in the facial expression of others [15] . Although her intelligence and capacity for explicit memory are near normal, SM also has a remarkably defective history of personal and social decision making [16] .
thought. Indeed, most real-world decisions do not readily lend themselves to explicit rational analyses; the options are too numerous, their uncertainties too great. In such situations, emotional responses -quite literally, gut reactions -may serve to guide us, consciously or unconsciously, away from some options and towards others [17] . Without these emotions to deter us from potentially dangerous choices, our decision making may go awry. Under such circumstances, it seems, the only thing we have to fear is lack of fear itself.
